Summary.-The cytotoxic effects of hexavalent (K2Cr2O7) and trivalent (CrCl3) chromium compounds have been studied in cultured hamster fibroblasts (BHK line) and human epithelial-like cells (HEp line HEp cells turned out to be more sensitive to K2Cr2O7 than BHK fibroblasts: in the former line TdR uptake is less stimulated, DNA synthesis and cell survival are more affected. Survival of BHK cells to K2Cr2O7 indicates a multi-hit mechanism of cell inactivation, the extrapolation number being about 10.
Summary.-The cytotoxic effects of hexavalent (K2Cr2O7) and trivalent (CrCl3) chromium compounds have been studied in cultured hamster fibroblasts (BHK line) and human epithelial-like cells (HEp line) .
K2Cr2O7 stimulates the uptake of labelled thymidine into the soluble intracellular pool (the stimulation of nucleoside uptake represents a specific effect of Cr6+) while Cr3+ always exerts an inhibitory action. DNA synthesis is inhibited by treatment with both chromium compounds, but especially by K2Cr2O7. Moreover, the effective CrCl3 concentrations reduce the sensitivity of DNA and RNA to hydrolysis with perchloric acid. Treatments with K2Cr2O7 in balanced salt solution, where Cr6+ reduction is less marked, induce more pronounced cytotoxic effects than treatments in complete growth medium.
HEp cells turned out to be more sensitive to K2Cr2O7 than BHK fibroblasts: in the former line TdR uptake is less stimulated, DNA synthesis and cell survival are more affected. Survival of BHK cells to K2Cr2O7 indicates a multi-hit mechanism of cell inactivation, the extrapolation number being about 10.
On the basis of quantitative Cr determinations in the treatment solutions and in the treated cells, the cytotoxic effects of Cr are attributed to the action of Cr6+ at the plasma membrane level on the mechanisms involved in nucleoside uptake, and to the interaction of Cr3+ at the intracellular level with nucleophilic targets on the DNA molecule.
MUTAGENIC effects of environmental metals suspected of being carcinogenic have been reported (Miller and Miller, 1971; Nishioka, 1975; Sirover and Loeb, 1976) but little is known about the mechanisms of their cytogenetic action. Chromium (Cr) compounds are carcinogenic in man (Browning, 1969; Furst and Haro, 1969, IARC, 1973) and experimental animals (Hueper, 1961; IARC, 1973; Maltoni, 1974) induce cell transformation in vitro (Fradkin et al., 1975) and give rise to several cytogenetic effects in different biological systems: point mutations (Venitt and Levy, 1974; Nishioka, 1975; Bonatti, Meini and Abbondandolo, 1976) , alterations of nucleic acid physico-chemical properties (Herrmann and Speck, 1954; Huff et al., 1964) , chromosome aberrations (Glass, 1956) and DNA repair synthesis (Raffetto et al., 1977) . Nevertheless, the actual Cr oxidation state responsible for the above biological effects, especially for Cr interactions with genetic material, is still doubtful (Mertz, 1969; Schoental, 1975) .
We have observed that Cr compounds act differentially on macromolecular syntheses and soluble-precursor uptake into the intracellular pool of mammalian cells grown in vitro  Levis, Buttignol and Vettorato, 1.977; Levis et al., 1978) , induce mitotic-cycle alterations and chromosome aberrations (Majone, 1977) and interact with nucleic acids and purified nucleotides (Tamino, (K2Cr2O7) (Levis et al., 1978) . Radioactivity counting of liquid samples (0 5 ml) of the different fractions is carried out by a Packard Tri-Carb 2425 scintillation counter using 10 ml of Bray's solution. The radioactivity counts in the different fractions of a culture are normalized by dividing them by the amount of DNA in the same culture, giving values which are referred to as normalized (radio) activities. In the treated cultures, norinalized activities are expressed as percentages of control values. Since Cr compounds affect the uptake of labelled nucleosides into the intracellular pool, changing their relative concentrations, the original percent values of nucleic acid normalized activities have been divided by the corresponding percent normalized activities of intracellular nucleotides. Such values therefore express the actual rates of precursor incorporation into macromolecular compounds and represent the net levels of RNA and DNA syntheses after treatment with Cr compounds (Levis et (al., 1978) .
Chromiu mn deterk,mtinations. Detterminations of oxidized, hexavalent chromium (Cr6+) and of reduced, trivalent chromium (Cr3+) are made by the coloured reaction complex with 1,5-diphenylcarbazide (RiedelDeHaen AG, Hannover, Germany) after wet decomposition of the biological samples, as specified elsewhere (Levis et al., 1978) . Thie colorimetric method is sensitive to 0 05 ,ug/ml of Cr in the final solution using 1cm spectrophotometric cells, and Beer's law is followed up to a concentration of 2 ug/ml of Cr in the final solution (or 2 parts/106) as showvn by the standard calibration curves.
RESULTS
Treatment of BHK cell cultures for 1-4 h with 10-5M-1_0-3M K2Cr2O7 stimulates nucleoside uptake into the intracellular pool, inhibiting on the contrary nucleic acid synthesis (Levis et al., 1978) . The effects of K2Cr2O7 on TdR uptake and on DNA synthesis have been determined also in HEp cultures and compared with a era K2_eras
Hours after treatment (Table II) .
Unlike K2Cr2O7, which is very active at 10-4M, CrC13 is ineffective at that concentration. Even 10-3M CrC13 does not affect nucleoside uptake or nucleic acid synthesis, and scarcely alters leucine uptake and protein synthesis (data not shown). Only at 10-2M CrC13, are DNA synthesis and TdR uptake drastically inhibited (Fig. 4) . A stimulation of nucleoside uptake is never observed after CrC13, while the action of K2Cr2O7 is always characterized by an initial period during which nucleoside uptake is stimulated. Inhibition of uptake appears only with longer exposures to dichromate (Levis et al., 1978; Bianchi et al., 1977) .
On the other hand, 10-2M CrC13 affects the sensitivity of nucleic acids to hydro- lysis with perchloric acid (PCA). This is proved by the altered ratio of optical densities of extracted nucleic acids, and the abnormal distributions of radioactivity in the different fractions after incubation with 3H-TdR and 3H-UR (Table III) (Browning, 1969; Furst and Haro, 1969) , carcinogenic agent (Grogan, 1957 (1977), chromosome aberrations in cultured plant (Glass, 1956) and animal one order of magnitude in (Raffetto et al., 1977; Majone, 1977) cells, to the cells is therefore alterations of physico-chemical properties exposure to equal concen-of purified nucleic acids and nucleotides r6+ and Cr3+, while the (Herrmann and Speck, 1954; Huff et al., -ytotoxic activity between 1964; Tamino, 1977) and infidelity of /rCl3 is much higher.
DNA replication in vitro (Sirover and 3tressed that only Cr3+ can Loeb, 1976) . On the contrary, only Cr6+ the treated cells by the compounds are at present known to netric procedure, even after induce DNA repair synthesis in animal 10-3M K2Cr2O7. cell cultures (Raffetto et al., 1977) and point mutations in yeasts (Bonatti et al., DISCUSSION 1976 ) and bacteria (Venitt and Levy, 1974; Nishioka, 1975; Tamaro et al., 1976;  toxic effects of chromium Petrilli and De Flora, 1977) . Negative man are acute and chronic results obtained with soluble Cr3+ salts skin, the nasal mucous in mutagenicity tests in bacteria (Venitt the lungs, and are common-and Levy, 1974; Tamaro et al., 1976) 'he oxidizing power of Cr6+ and also with Cr6' (K2Cr2O7) when 69). Sensitization to Cr is treatment is made in the presence of seduction of Cr6+ by several a reducing agent (Nishioka, 1975) can pounds and to the linkage be related to the low ability of Cr3+ to pass .3+ in stable coordination through the mammalian cell's plasma h small molecules (pyro-membrane (Mertz, 1969; Polak et al., thiocyanate, aminoacids, 1973) and possibly also through bacterial ec.) or macromolecules cell membranes. Alternatively, the cytoproteins, etc.), particularly genetic Cr action could lie in the formation (Polak, Turk and Frey, of mutagenic (and carcinogenic) agents via the oxidation of cell metabolites, which renic action of Cr is known is accomplished only by Cr6+ compounds of epidemiological data (Schoental, 1975) . The latter hypothesis 39; Furst and Haro, 1969 ; does not account for the above mentioned carcinogenic and cytogenetic effects of Cr3+.
Our data on the cytotoxic effects of K2Cr2O7 on BHK cell cultures (Levis et al., 1978) as well as the present observations on BHK and HEp cell lines, indicate a differential action on the permeability of nucleosides through the plasma membrane, induced by treatments with concentrations from 10 -5M upwards. Namely, nucleoside uptake is at first stimulated and only secondarily inhibited, according to the length of treatment and K2Cr2O7 concentration (Fig. 1) . A separate effect of K2Cr2O7 is the inhibition of macromolecular syntheses, proportionate to the length of treatment and K2Cr2O7 concentration: DNA duplication is chiefly and immediately affected (Fig. 2) , RNA and protein syntheses being reduced to a smaller extent and only later (Levis et al., 1978) .
On the basis of colorimetric Cr determinations (Tables IV-V) as well as of the much more sensitive atomic absorption spectrophotometry (Feldman et al., 1967) , only Cr3+ is detected inside the cells even after treatment with K2Cr2O7, and its level increases with the exposure period and K2Cr2O7 concentration, reaching a maximal value of about 5 x 10-2 2ug
Cr3+/,tg of DNA (Table V; Levis et al., 1978) . Cr3+ accumulation inside the cells is more rapid when cells are treated in HBSS, and the transition from the stimulation to the inhibition phase of nucleoside uptake also takes place earlier in these conditions (Bianchi et al., 1977) . It has been suggested that Cr6+ interacts with specific cell-membrane components involved in nucleoside uptake (permeases), which are at first stimulated and subsequently inhibited when linked Cr3+ exceeds a critical level. Evidence that Cr interferes with nucleoside permeases is based on the specific patterns observed for the uptake of the different DNA and RNA nucleosides, as well as on the kinetics of TdR and deoxycytidine uptake in BHK cells treated with K2Cr2O7: Cr acts both on the saturable, facilitated portion (i.e. on the permeases) and the linear portion (i.e. the simple diffusion) of the uptake (Bianchi et al., 1977) .
The stimulation of nucleoside uptake represents a specific effect of Cr6+. It has never been observed after treatment with Cr3+ (CrCl3), whose active concentrations always exert an inhibitory action (Fig. 4) .
HEp cells turned out to be more sensitive than BHK fibroblasts to the action of dichromate, the difference between the 2 cell lines being about the same in the inhibition of DNA duplication (Fig. 2) as in the reduction of cell survival (Table I) . HEp cells are more affected by K2Cr2O7 also in relation to TdR uptake, which is less stimulated than in BHK cells (Fig. 1) . Moreover the stimulation is progressively reduced just at the end of dichromate exposure (1, 2, 4 h points) with 10-3 M K2Cr2O7, both in BHK and HEp cultures (Fig. JA) and with 10-4M concentration only in HEp cultures (Fig. IB) , showing that in the latter cell system the transition from the stimulation to the inhibition phase of permeases is advanced.
BHK survival curve to K2Cr2O7 (Fig. 3 ) indicates a multi-hit mechanism of cell inactivation similar to that observed by treating yeast cells (Bonatti and Abbondandolo, personal communication) and corresponds to the classical survival-curve shapes, namely an initial, rather pronounced shoulder followed by a linearly logarithmic decline in the number of survivors as the dose increases. If the straight portion of the curve is extrapolated back to the axis, the intersection occurs close to 10, a form of behaviour which would be exhibited if 10 independent, Cr induced events were required for cell death. It must be stressed that no threshold dose can be inferred from survival curves to K2Cr2O7, and that the extrapolation value is too low to suggest an interaction of Cr with the replication enzymes (DNA polymerases) as the more relevant inactivation mechanism. The number of such molecules in the mammalian cell greatly exceeds the hit number extrapolated on survival curves (Bollum, 1975 (Bianchi et al., 1977) .
With CrCl3 an irreversible inhibition of DNA synthesis is observed only after 2-4 h treatments with 1 0-2M concentrations (Fig. 4) whereas a comparable effect is obtained with 100 times lower K2Cr2O7 concentrations (Fig. 2) . The stronger cytotoxic activity of K2Cr2O7 is even more evident when the reduction of BHK cell survival is measured: comparable effects are induced by K2Cr2O7 concentrations 1000 times lower than CrCl3 concentrations (Table II) .
It is generally accepted that only Cr6+ penetrates through the plasma membrane, being reduced to Cr3+ inside the cell and firmly bound to cell components (Grogan, 1958; Mertz, 1969) . Transport of Cr6+ in the form of chromate ion is very effective, its rate and therefore the final intracellular Cr concentration depending on the extracellular chromate levels (Vallee, 1969) . Mechanisms for Cr3+ transport are presently unknown; anyhow Cr3+ entrance into the cells is deemed to be limited if not completely absent (Feldman et al., 1969; Mertz, 1969; Polak et al., 1973) . However, significant amounts of Cr3+ are detected in BHK cells after treatment with 10-3M CrCl3, and are about 20 times lower than those observed after treatment with the same concentration of K2Cr2O7 (Table V) . Therefore, the much lower effectiveness of CrCl3 on BHK macromolecular syntheses and cell survival cannot be entirely related to a lower Cr3 uptake, but seem to depend also on the stability of Cr3+ chelates and coordination complexes which are formed in the treatment solutions and which are characterized by a very low exchange rate with biological ligands (Mertz, 1969) .
A marked difference in the cytotoxic activity of Cr6+ and Cr3+ compounds has been observed also in Salmonella (Petrilli and De Flora, 1977) and in mouse cells (Raffetto et al., 1977) .
When BHK cells are treated with 10-2M CrCl3, DNA and RNA become partially resistant to hydrolysis with PCA, an effect which is not observed with equimolar K2Cr2O7 concentrations (Table  III) . Resistance of nucleic acids to hydrolysis with trichloroacetic acid has been described after treatment of animal tissues with Cr6+ salts, and attributed to the interaction of nucleic acids with Cr3 reduced inside the cells (Herrmann and Speck, 1954) . The altered extractability of nucleic acids is probably due to the stabilization of their tertiary structure by Cr3+, according to the modification of some physico-chemical properties of purified RNA in the presence of CrCl3 (Huff et al., 1964) .
A stabilization of the DNA double helix by Cr3+ is supported also by UV absorption spectra of nucleic acids purified from BHK cells treated with CrCl3 (Tamino, 1977) , by X-ray diffraction (Danchin, 1975) and NMR studies (Eisinger, Shulman and Szymanski, 1962) of DNA-Cr3+ complexes. An interaction with DNA could represent also the final effect of K2Cr2O7 after it is reduced to Cr3+ inside the cells.
